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Rett syndrome (RTT) is a neurodevelopmental disorder with neurological symptoms, such as motor disorders and mental 
retardation. In most cases, RTT is caused by mutations in the DNA binding protein MeCP2. In mice, MeCP2 gene deletion 
has been reported to result in genome-wide increased histone acetylation. Transcriptional regulation of neurotrophic 
factor BDNF and transcription factor DLX5, essential for proper neurogenesis, is further altered in MeCP2-deleted animals. 
We therefore investigated the chromatin environment of MeCP2 target genes BDNF and DLX5 in lymphocytes from RTT 
patients and human controls, and analyzed the density of histones H3, H2B and HI, as well as the levels of methylation 
and acetylation on selected lysines of histone H3. Notably, we found a general increase in the density of histone H3 in 
RTT patients' lymphocytes compared with controls, and decreased levels of trimethylation of lysine 4 on histone H3 
(H3K4me3), a modification associated with transcriptional activation. The levels of acetylation of lysine 9 (H3K9ac) and 
27 (H3K27ac) did not show any statistically significant changes when normalized to the decreased histone H3 levels; 
nevertheless, an average decrease in acetylation was noted. Our results reveal an unexpected alteration of the chromatin 
state of established MeCP2 target genes in lymphocytes of human subjects with RTT. 



Introduction 

Rett syndrome (RTT) is a developmental disorder manifested 
by primarily neurological symptoms, such as motor disabili- 
ties, mental retardation, communication problems, epilepsy and 
breathing disturbances. Although the diagnosis is clinical and 
not genetic, about 95% of patients with classical RTT have muta- 
tions in the MeCP2 gene. 1 MeCP2 binds preferentially to meth- 
ylated CpG motifs in the genome 2 and genome-wide profiling 
of MeCP2 binding showed MeCP2 only on methylated DNA. 3 
In the study by Skene et al., it was also suggested that MeCP2 
was present at levels equaling histones in neurons, while MeCP2 
expression was absent in glia cells. Contradicting this finding 
are several studies showing MeCP2 expression in astrocytes and 
microglia and that MeCP2 functions in astrocytes and microglia 
affect the phenotype in mouse models of RTT. 4 " 8 

A major effort has been made to find specific target genes reg- 
ulated by MeCP2. 9 ' 10 One direct target, BDNF, is a growth factor 
important for survival, growth and differentiation of neural cells. 
The BDNF IV promoter can be bound directly by MeCP2 and 
repress transcription. 11 However, neuronal depolarization that 
triggers Ca 2+ dependent phosphorylation of MeCP2 has been 
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reported to relieve this repression. In RTT patients, as well as 
in MeCP2 gene deleted mice, BDNF is paradoxically downregu- 
lated and, when overexpressed in mice, can partially compen- 
sate for the MeCP2 mutant phenotype. 12 The downregulation of 
BDNF in MeCP2 mutants could be an indirect effect of loss of 
neuronal activity. 13 

Imprinting of genes to ensure expression from only the mater- 
nal or paternal allele is maintained by DNA methylation. Since 
MeCP2 is binding preferentially to methylated DNA, its involve- 
ment in genomic imprinting has been studied. DLX5 is one gene 
that has been shown to lose imprinting in lymphoblastoid cells 
from RTT patients as well as in MeCP2 null mouse brains. 14 
DLX5 is, among other things, a regulator of the expression of 
the enzymes that synthesize GABA, GAD1 and GAD2. It has 
further been shown that MeCP2 may have more general effects 
on chromatin structure. On methylated DNA, MeCP2 binds 
chromatin as a dimer to nucleosome linker DNA in a manner 
that is very similar to the linker histone HI, and it has therefore 
been suggested that MeCP2 compete with histone HI for DNA 
binding. 15 

Despite molecular insights into MeCP2 mutations underlying 
RTT and a large number of studies of MeCP2 function, there is 
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Figure 1. Model of the BDNF locus with primers marked over promoters I — IV. 



still a lack of connection between how MeCP2 functions on the 
DNA and the phenotypic outcome at the cell and organism level. 
In this study, we aimed at investigating alterations of the chroma- 
tin environment on MeCP2 target genes in human samples from 
patients with RTT compared with controls. Our long-term goal 
is to develop protocols to assay the state of the chromatin environ- 
ment as readout of therapeutic interventions. Since earlier studies 
have reported effects on histone acetylation in MeCP2 knock- 
out mice, as well as expression changes on BDNF and DLX5, 
we aimed at specifically studying basic chromatin modifications 
on these MeCP2 target genes. We used chromatin immunopre- 
cipitation (ChIP) to study the occupancy of histones and histone 
marks on promoters of MeCP2 target genes BDNF and DLX5 
in lymphocytes from RTT patients and controls. Unexpectedly, 
we found that, while no significant effects were detected in his- 
tone H3 lysine acetylation (H3K9 and H3K27), histone H3 was 
enriched in BDNF and DLX5 promoters of lymphocytes from 
RTT patients compared with controls. In these promoters, the 
transcriptional activation mark H3K4me3 was also reduced. 

Results 

We used lymphocytes purified from blood samples of RTT 
patients or control patients and performed ChIP on chromatin 
from around 8,000 cells/subject using antibodies against spe- 
cific histone modifications to investigate whether there was any 
correlation in histone modifications on previously characterized 
downstream gene targets of MeCP2 in humans with the disease 
compared with healthy controls. We chose to study the histone 
modifications on promoters of BDNF (Fig. 1) and DLX5, two 
genes that have been implicated as targets of MeCP2, the prod- 
ucts of which play important roles in normal neuronal develop- 
ment. In addition to being essential for neuronal development, 
both BDNF and DLX5 are expressed also in lymphocytes, allow- 
ing us to study the consequences of RTT on these promoters in 
these blood cells. We also used two control loci, myoglobin exon 
2, which should not be expressed in lymphocytes, and the pro- 
moter of C-fos, which should be expressed in most proliferating 
cell types. 

The density of histone H3 was significantly higher in the myo- 
globin and C-fos loci of RTT patient samples compared with con- 
trols (Fig. 2A). When all analyzed loci were taken into account 
and tested statistically with a mixed model analysis, there was 
a significant difference between RTT samples and controls, 



showing that H3 density throughout the tested regions was con- 
sistently higher in RTT patient samples. In order to test whether 
this was a reflection of a general increase in histone density, we 
further examined the density of histone H2B but did not find a 
reproducible increase in the RTT patient samples on any loci, 
and a slight trend toward higher histone H2B occupancy did not 
reach statistical significance (Fig. 3B). 

In accordance with the elevated histone H3 levels in the RTT 
samples, the modified versions of histone H3 investigated — 
histone H3 trimethylated on lysine 4 (H3K4me3), histone H3 
acetylated on lysine 9 (H3K9ac) and histone H3 acetylated on 
lysine 27 (H3K27ac) — showed a trend toward higher levels of 
occupancy in the RTT samples with the only statistically signifi- 
cant change being an increase in H3K9ac on the myoglobin exon 
(data not shown). None of the modifications showed a significant 
difference in the mixed model analysis when comparing RTT 
samples and controls on all loci. 

However, when compensated for the general increase in his- 
tone H3 levels by normalizing over H3, a significant decrease in 
H3K4me3 in RTT samples compared with control was evident 
(Fig. 2B). Putative changes in the levels of acetylation on the 
other lysines were found not to be statistically significant (Fig. 2C 
and D). Our data suggest that RTT samples display a higher 
histone H3 density than control samples and a lower proportion 
of histone H3 is modified. 

We further analyzed whether the density of linker histone HI 
was altered in the RTT patient samples, as previously suggested 
in brain samples from mice with RTT-like phenotype. 3 However, 
we did not detect any significant differences in histone HI occu- 
pancy between RTT patients and controls on the analyzed loci 
(Fig. 3A). In order to assess whether the observed changes in his- 
tone H3 occupation and modifications resulted in direct effects 
on transcription, we performed ChIP against RNA polymerase 
II phosphorylated on serine 5 (S5P-RNAP II), an established 
mark of active transcription. However, there was no significant 
difference between RTT patient samples and control samples in 
these experiments (Fig. 3C). Lastly, we tested whether there was 
any significant difference in the occupancy of MeCP2 itself that 
could be due to altered DNA methylation or other secondary 
events. There were minor variations between patients as well as 
control subjects, but no significant difference between the groups 
was detected. This result suggests that there are no major gen- 
eral differences in DNA methylation affecting the recruitment of 
MeCP2 to DNA (Fig. 3D). 
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Figure 2. RTT syndrome is associated with higher density of histone H3 and lower levels of histone H3 methylation on promoters in lymphocytes. 
ChlPs of histone H3 (A), histone H3, trimethylated on lysine 4 (H3K4me3) (B), histone H3 acetylated on lysine 9 (H3K9ac) (C) and histone H3 acetylated 
on lysine 27 (H3K27ac) (D) on BDNF promoters, DLX5 promoter, C-FOS promoter and myoglobin exon2. H3K4me3 was significantly lower in RTT patient 
lymphocytes than control subjects whereas H3K9ac and H3K27ac modification ratio was not significantly altered. A trend toward lower acetylation 
ratio in RTT patients was noted. 



Discussion 

A general effect of MeCP2 gene deletion and mutation has been 
suggested through the demonstration of an increase in H3 acety- 
lation throughout the genome, indicating that MeCP2 is gener- 
ally associated with decreased global H3 acetylation levels when 
it is present. 3 Notably, these results were achieved when levels 
of acetylated histone H3 were plotted without accounting for 
total levels of histone H3. Remarkably, our results for H3K9ac 
on the promoters of BDNF, DLX5 and C-FOS and an exon of 
myoglobin show striking similarities to the genome-wide ChIP 
sequencing results from Skene et al. when normalization was 
performed toward total input. In this study, we demonstrate a 
major increase of histone H3 density in the analyzed promoters 
of samples from RTT patients compared with controls. Thus, 
when histone H3 levels were chosen for normalization of histone 
H3 modifications, it became evident that the ratio of acetylated 
histone H3 (H3K9 and H3K27) is actually lower in lymphocytes 
from RTT patients than in control subjects. Similar analysis in 
neuronal and neural cells is definitely required, but we strongly 
suggest that future studies take into account potential aberrant 



occupancies of histone H3 when analyzing histone modifications 
in models of RTT. 

MeCP2 has been reported to bind directly to the BDNF IV 
promoter," whereas BDNF I and II promoters are regulated by 
REST, which in turn is regulated by MeCP2. 16 Therefore, we 
hypothesized that the effect of lower MeCP2 activity would have 
different effects on the different promoters of BDNF. However, 
the results from RTT patient samples and control samples were 
similar on the four tested promoters regarding the analyzed mod- 
ifications analyzed and histone H3 accumulation. 

DLX5 is an imprinted gene that is normally only expressed 
from the maternal allele. Imprinting of DLX5 has been shown 
to be lost in MeCP2 gene deleted mice as well as in lympho- 
blastoid cells from RTT patients. 14 Similarly, we found effects 
on histone H3 density as well as on histone H3 modifications 
at the DLX5 locus, but did not detect any differences specific 
to this imprinted region. The effects on histone H3 occupancy 
showed a similar trend on all tested loci, including both active 
promoters and myoglobin exon (which should not be expressed 
in lymphocytes), suggesting that the effects we noted may be 
general. 
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Figure 3. No significant differences were seen in density of histones H1 and H2B between RTT patient lymphocytes and control subjects. No signifi- 
cant differences were seen in occupancy of S5P-RNAP II or occupancy of MeCP2 between RTT patient lymphocytes and control subjects. ChlPs of 
histone H1 (A), histone H2B (B), S5P-RNAP II (C) and MeCP2 (D) on BDNF promoters, DLX5 promoter, C-FOS promoter and myoglobin exon 2. 



Even though the occupancy of histones and histone modifica- 
tions throughout the genome has not been extensively studied 
in RTT patients, there have been studies of histone levels using 
immunoblotting of proteins. In clonal T cells, no significant 
change in histone acetylation was detected. 17 However, in pri- 
mary lymphocytes, histone H3 levels were indeed reported to be 
higher in RTT patients than controls, whereas the levels of acet- 
ylated H3K9 were found to be lower. 18 These findings are similar 
to our results using ChIP on specific MeCP2 target genes. In 
MeCP2 mutant astrocytes from mice, levels of acetylated his- 
tone H3 were slightly elevated when similar amounts of histone 
H3 were analyzed. 4 It has further been reported that histone 
HI display higher levels in neurons from MeCP2 gene deleted 
mice than in control. 3 When we analyzed the occupancy of his- 
tone HI, we did not see any significant changes between RTT 
patient samples and controls (Fig. 3A). It should be noted that 
Skene et al. only found a significant change in histone HI levels 
when they used sorted neurons but not when using whole brain 
samples. Thus, although our results from human lymphocytes 
indeed show clear similarities to the phenotype seen in mouse 



neurons, cell-specific effects of loss of MeCP2 activity should be 
taken into account. 

Since the MeCP2 gene is present on the X chromosome and 
either the mutated or the wild type X chromosome can be inac- 
tivated, there may be varying contributions of the different X 
chromosomes in different samples. Nevertheless, in samples of 
mixed lymphocytes, enough are expressing MeCP2 from the 
mutated X chromosome to show the marked differences we have 
observed. When expression changes due to MeCP2 inactiva- 
tion have been studied previously, small expression changes have 
been observed on many genes making it hard to find bona fide 
targets of MeCP2. 1,-21 We assessed transcription by determining 
the occupancy of serine 5SP-RNAP II and, although there was a 
trend of higher accumulation in RTT patient samples, there was 
no statistically significant difference between the groups, sug- 
gesting that the differences in histone H3 occupancy and modi- 
fication do not lead to obvious changes in RNAP II recruitment 
and onset of transcription. 

While the RTT patients displayed an increase in histone H3 
occupancy on several loci, this increase was not followed by a 
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parallel increase in histone H2B occupancy. It is therefore not 
likely that our observation is a result of a general increase in 
nucleosome density. The histone H3 antibody used in the pres- 
ent study recognizes the 100 amino acids in the C-terminus, 
and this sequence is not a major region for histone modifications 
or variants. It is thus less likely that a change in the expression 
of histone H3 variant/s would result in the observed change. 
Transcriptional repression indeed affects histone H3 occupancy 
over the repressed promoter. 22 It is thus possible that lack of func- 
tional MeCP2 affect transcriptional repression mechanisms and 
thereby histone H3 occupancy. To further address this and other 
questions raised by our results, current investigations are address- 
ing the chromatin state in cell samples from RTT patients vs. 
healthy controls on a genome wide level. 

Methods 

Clinical data and subjects. The parents of patients with Rett syn- 
drome (8 patients, age 7-23 y) and healthy controls (7 controls, 
age 2—14 y) of roughly similar age in Stockholm County were 
asked to take part in the present study. The control samples were 
taken from girls with no previous or present neurological or med- 
ical disease but in whom a blood sample was clinically motivated 
due to surgical treatment. The clinical evaluation took place at 
the neuropediatric department at Karolinska University Hospital 
and the patient was seen by two or three neuropediatricians. The 
RTT clinical diagnosis was based on distinct clinical criteria 23,24 
and patients were genotyped for mutations in MeCP2. 

Ethics. The subjects and their parents received oral and writ- 
ten information about the procedure, and informed consent 
was obtained from the parents. The experimental protocol used 
in the present study was approved by the Ethics Committee of 
Karolinska Institutet, Stockholm, Sweden. 

Isolation of lymphocytes from peripheral blood sample. 
Ficoll-Paque PLUS (GE Healthcare) was used according to 
instructions to purify lymphocytes from patient and control 
blood samples. 

Chromatin Immunoprecipitation (ChIP). Cells were fixed 
in 1% formaldehyde for 10 min. Chromatin shearing by sonica- 
tion was performed using a Bioruptor UCD 200 (Diagenode). 
Chromatin immuno precipitation was performed according to 
instructions using the "Low cell #" kit from Diagenode using 
chromatin from around 8,000 cells per reaction (50 ng DNA). 
H3K4me 3 antibody 9751 and H3K9ac 9671 was from Cell 
Signaling, H3K27ac antibody ab4729, H3 antibody 1791, H2B 
antibody 1790 and Pol II ser5pho 5131 was from Abeam, HI 
antibody 05-457 was from Millipore MeCP2 pAb 052 was from 



Table 1. Primers used 



Gene 


Forward 


Reverse 


BDNF 1 promoter 


rrc ~vf~r err i\~vr atc~ 
LLL 1 LL LLL AIL A 1 u 

ACTA 


LLA 1 1 1 uAI LAI LAL 

TCA CGA 


BDNFH promoter 


ATf rrc err att a/~a 

AILoLL Luu Al 1 A*^A 

CAC 


TCC A Af AAA CCC 

lou Amu AAA 

TCT AGA GCA 


BDNF III promoter 


ait c ac aaa r,iA ^rA 

\_MVJ MM A VJMM Uk_M 

TCC AG 


CTC C AT CCC TCC CTC 

ATT CT 


BDNF IV promoter 


TGC ACG AAT TAC CAG 
AAT CAA 


GCT GGA AGT GAA 
AAC ATC TGC 


Myoglobin exon 2 


Diagenode primers 




C-fos promoter 


Diagenode primers 




DLX5 promoter 


GGA GACTGG GAG TCG 
TGA AG 


GGC CAA TAG AAC 
CAG ATC CA 



Diagenode and control IgG was included in the ChIP kit. The 
ChIP was evaluated by qPCR using "platinum SYBR Green 
qPCR SuperMix-UDG" from Invitrogen. Results were normal- 
ized to 1% input and H3 levels (Table 1). 

Statistical analysis. Differences between RTT and control 
samples on individual loci were compared using students T test. 
Differences between RTT and control samples on all loci for 
different antibodies was compared using a mixed linear model 
with one within group factor, the different loci tested (7 lev- 
els) and one between group factor Group (patient and control) 
was used to analyze the data. Different covariance models were 
tested and the covariance structure with the smallest value of 
the Akaike's Information Criterion (AICC and BIC) was con- 
sidered to best fit the data. The distribution of the variables was 
positively skewed and before the formal analyses the variables 
were log-transformed or square root transformed, p < 0.05 was 
considered statistically significant. Software used: SAS® System 
9.1, SAS Institute Inc. 
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